The first stereoselective version of an iodine(III)-mediated rearrangement of arylketones in the presence of orthoesters is described. The reaction products, α-arylated esters, are very useful intermediates in the synthesis of bioactive compounds such as ibuprofen. With chiral lactic acid-based iodine(III) reagents product selectivities of up to 73% ee have been achieved.
Introduction
Hypervalent iodine reagents became versatile reagents in organic chemistry over the last decades. The mild reaction conditions associated with the low toxicity and the environmentally friendly behaviour of those compounds render them attractive to use in organic synthesis. [1, 2] Those reagents are very selective oxidants [3] and several derivatives have been reported as enantiomerically pure reagents. [ 4 ] Due to their electrophilic nature and their excellent leaving group ability, they can react with a broad range of nucleophiles in reactions such as the oxidation of sulfides to sulfoxides, [5] the dearomatization of phenols, [ 6 ] the α-arylation [ 7 ] and the α-oxygenation [ 8 ] of carbonyl compounds but also in the functionalization of carboncarbon double bonds (dioxygenation [ 9 ] , diamination [ 10 ] , oxyamination [11 ] , iodoamination [12 ] , oxytrifluoromethylation [13 ] or aminofluorination [ 14 ] ). The facile generation of cationic intermediates by hypervalent iodine reagents allows either the direct reaction with a nucleophile or the formation of rearranged products [15] with ring contraction, [16] ring expansion, [17 ] or aryl migration. [ 18 ] Similar rearrangement have previously been reported with some toxic thallium reagents. [19] Finally, intensive efforts have been made towards the catalytic use of those hypervalent iodine reagents. [4b,20] We have reported the oxidative rearrangement of arylsubstituted unsaturated carboxylic acids to yield furanones [21 ] and described the first stereoselective rearrangement mediated by hypervalent iodine reagent on chalcone derivatives. [18b] More recently, we developed the stereoselective hypervalent iodinepromoted oxidative rearrangement of 1,1-disubstituted alkenes. [18a] Haruta et al. reported the oxidative 1,2-aryl migration of alkyl aryl ketones to synthesize 2-aryl propanoates using diacetoxy(iodobenzene) in moderate to good yields as shown in Scheme 1. [22] 2-Aryl alkanoates are direct precursors of nonsteroidal anti-inflammatory drugs (NSAIDs). NSAIDs are sold on the market as racemates but usually one of the two enantiomers is less active or even causes side effects. [23] Therefore, it would be of great interest to synthesize them in enantiomerically pure form. We herein describe the development of a stereoselective reaction which allows access to 2-aryl alkanoates in good enantioselectivities.
Scheme 1. Rearrangement of aryl alkyl ketones.
Results and Discussion
In order to evaluate hypervalent reagents and their reaction conditions for the oxidative rearrangement, the reaction of propiophenone 1 with hypervalent iodine reagents under different reaction conditions in the presence of acidic additives was investigated as shown in Table 1 . As we had previously much success using iodine(III) bistriflates as reagents, we performed the reaction by replacing the sulfuric acid additive with triflic acid and trimethylsilyl triflate. We also relied on the past performance of chiral hypervalent iodine reagents developed by Ishihara in rearrangement reactions. . Also the use of other solvents together with HC(OMe)3 did reduce yield and selectivity. Different temperatures and hypervalent iodine reagents were investigated next. When the reaction was performed at -20 °C using reagent 3, the enantioselectivity increased to 40% ee (Table 1 , Entry 10). The temperature was further lowered down to -48 °C, but this led only to an incomplete formation of (1,1-dimethoxypropyl)-benzene (Table 1 , Entry 11). The hypervalent iodine(III) reagent 4 containing amide moieties led to product formation with very good conversion and a higher enantioselectivity of 53% (Table 1 , Entry 12). The effect of the Lewis acid in combination with reagent 4 was also investigated. The stereoselectivity was as good using TMSOTf (51% ee) but the conversion dropped to 39% (Table 1 , Entry 13). When BF3•OEt2 was used, no reaction occurred and starting material was recovered. With the new, pyridine-based chiral hypervalent iodine reagent 5 [24] the enantioselectivity was very low (15% ee)
while the conversion stayed as high as with the other iodine(III) reagents (Table 1 , Entry 14). As the volatility of methyl-2-phenylpropanoate gives erroneous results, we investigated the rearrangement of the much less volatile 1-(naphthalen-1-yl)propan-1-one 6, which is easily accessible by a Friedel-Crafts acylation. [25] The reaction using reagent 4 worked well and product 7 was isolated in 91% yield with a selectivity of 46% ee when performed under identical reaction conditions to propiophenone. Reagent 3 is less efficient ( Table 2 , Entry 1) and also catalytic amounts of Lewis acid are not enough ( Table 2 , Entry 3) indicating that the Lewis acid must fully activate the iodine(III) reagent and is not only assisting in the equilibrium between the ketone and the enol form. The influence of the nature of the orthoester was then investigated. Triethyl orthoformate increased the selectivity to 62% ee while the yield remained still good ( Table 2 , Entry 4). This higher enantioselectivity can be explained by the higher bulkiness around the reactive centre where the rearrangement occurs. Therefore, an even bulkier orthoester should induce higher selectivity. However, the reaction with the tri-iso-propyl orthoformate did not lead to any rearranged product. It only added the iso-propoxy group to the α-position of the ketone in 22% yield (Table 2 , Entry 5). This might be due to the too high
bulkiness of the iso-propyl moiety. Indeed, the formation of the ketal is more favoured in the case of the less bulky trimethyl or triethyl orthoformate. If the equilibrium is shifted to the ketal form (R = Me, Et), the presence of two oxygens will favour the rearranged transformation as they can stabilize the positive charge resulting from the aryl group's migration. On the other hand, if the equilibrium is shifted towards the ketone form (R = i Pr), the free alcohol is more likely to attack the carbon in α-position to generate the α-alkoxylated product. Finally, the effect of the temperature on the selectivity was also investigated. At room temperature, the reaction worked similarly well providing 7 in 81% yield and 44% ee ( Table 2 , Entry 6) while the yield dropped due to side reactions at higher temperatures ( Table 2 , Entry 7). Subsequently, a range of other substrates was investigated and the results are summarized in Table 3 . When butyrophenone was used instead of propiophenone (Table 1 , Entry 12), the selectivity increased by 10% to reach 63% ee ( Table 3 , Entry 1) and the bulkier isovalerophenone led to a rearranged reaction product with 73% ee (Table 3 , Entry 2). Unfortunately, as the selectivity increased with the bulkiness of the alkyl chain, the conversion dropped significantly. The reaction with isovalerophenone was also performed at room temperature where the enantioselectivity dropped only by 5% and confirmed the small impact of the temperature on the rearrangement (Table 3 , Entry 3). The reaction was also carried out with triethyl orthoformate as it was beneficial for the rearrangement of 1-propionylnaphthalene. However, with isovalerophenone the enantioselectivity dropped to 35% ee (Table 3 , Entry 4). Subsequently, the influence of the electronic properties of the aromatic ring in the rearrangement process was investigated. Propiophenone derivatives with electron-rich aryl moieties gave the rearranged products in very good yields but only moderate enantioselectivities (Table 3 , Entries 5-7). Hydrolysis of the methyl ester product shown in Table 3 , Entry 7, was achieved with 1N sodium hydroxide in THF/methanol to yield ibuprofen in 93% yield, but with reduced enantioselectivity (22% ee). The reaction proceeded similarly well with 4-methoxypropiophenone, but surprisingly did not work with 1-(6-methoxynaphthalen-1-yl)propan-1-one (Table 3 , Entries 8 and 9). In the reaction with 4-methoxypropiophenone, the reaction product 9f reacted further with an excess of (diacetoxyiodo)benzene to generate the diaryliodonium salt 9ff, its structure was also confirmed by X-ray analysis [24] (see Scheme 2 and supporting information). Compound 9f can also be converted into 9ff under the reaction conditions in 90% yield. The formation of 9ff can be suppressed completely when only 1 equivalent of (diacetoxyiodo)benzene is used.
Scheme 2. Rearrangement and formation of diaryliodonium salt 9ff.
Electron-withdrawing groups on the aromatic moiety do not seem to affect the enantioselectivity. Indeed, for all the compounds where the enantioselectivity could be determined, the enantiomeric excess was between 44 and 46% (Table 3 , Entries 10-12). However, the yield of the reaction is depending on the nature of the electron-withdrawing group. Compared to fluorine, the yield decreased to 28% when a bromine substituent is in para-position ( substituents are giving poor yields (28% and 14%), the orthosubstituted product can be obtained in moderate yield (46%) ( Table 3 , Entries 11-13). With a trifluoromethyl substituent in meta-position, the rearranged product could only be obtained in trace amounts and the α-ethoxylated product was obtained as the major product in 13% yield (Table 3 , Entry 14). 3-Nitro propiophenone was not reactive enough (Table 3 , Entry 15) and and a pyridine derivative led only to the corresponding ketal (Table 3 , Entry 16). A cyclopropyl-substituted derivative ringopened but did not rearrange with the chiral reagent 4 (Table 3 , Entry 17). Electron-rich aryl moieties migrate faster as they stabilize the intermediate phenonium ion. However, the enantioselectivity seems to follow the opposite trend. This may be due to the fact that the reaction rate is faster for electron-rich aryl moieties and the interaction with the chiral reagent is less strong to induce high selectivity. The proposed mechanism for the rearrangement as shown in Scheme 3 is similar to the mechanism proposed by Haruta. [22] In the generation of intermediate 11 the stereochemistry of the rearrangement process is defined. The presence of large amounts of nucleophiles will directly interfere with the intermediate 11 in a direct substitution of the iodine(III) moiety leading to α-functionalized ketones, as we and others have shown previously. Protected enolethers have been used by us and others recently as efficient substrates for stereoselective iodine(III) mediated reactions. Under the reaction conditions employed, it is also plausible that the presence of triflic acid and trimethyl orthoformate will lead to the formation of the enol 15a via ketal 14. [26] Although it is not identifiable in the NMR, [8a] it could react with the iodine(III) species in the presence of methanol to form intermediate 12.
As shown in Scheme 4, silylenolether 15b provides a mixture of rearranged product 2 and direct substitution product 16, while the acetyl-substituted enolether 15c (R = Ac) only forms α-substituted product 16 (57% yield using PhI(OAc)2), probably because the formation of the corresponding ketal is less efficient. The pre-generated ketal 14 is similarly efficient in the rearrangement reaction and gives the rearrangement product 2 in similar conversion and selectivity to propiophenone. A rapid interconversion between 1 and 14 via the hemiketal under the reaction conditions was confirmed by NMR spectroscopy (see supporting information). The absolute stereochemistry of the products 2 and 16 indicates the common intermediate 12 resulting from a Si-attack of the iodine(III) electrophile 4 to the enol 10/15a. Reaction by rearrangement (path A) generates compound 2 with (R) configuration while backside substitution with methanol (path B) leads to 16 with (S) configuration. The different stereochemical descriptors are due to the CIP priorities and not to different stereochemical pathways. The absolute configuration of 16 was confirmed by its independent synthesis from lactic acid (see supporting information). Other substrates, however, seem not to be suitable for the rearrangement reaction. Compounds of type 17 with substituents R changing the electronic properties only lead to the α-ethoxylated products (Scheme 5). Only in the case of an aryl substitution such as in 19a the rearranged product 20a is formed together with methoxylation at the phenyl substituent of the rearranged compound (21a) and some α-methoxylated product 22a. The selectivities obtained with reagent 4 are 25% ee (62% yield) for 20a, 5% ee (4% yield) for 21a and 7% ee (11% yield) for 22a, but the absolute configurations of the products could not be determined. The catalytic transformation was investigated using PhI(OAc)2 as the in situ synthesized hypervalent iodine reagent. Different oxidants (NaBO3•4H2O, m-CPBA) were investigated together with iodobenzene, propiophenone and trimethyl orthoformate, but no rearranged product was obtained under the reaction conditions investigated.
Conclusions
In summary, we have developed a stereoselective rearrangement of aryl alkyl ketones mediated by chiral hypervalent iodine (III) reagents. 2-Arylpropionate derivatives were synthesized in moderate to good yields with enantioselectivities up to 73% using a lactic acid-based reagent in the presence of TfOH and trimethyl orthoformate. Further investigations to improve the enantioselectivity and the development of a catalytic protocol are in progress.
Experimental Section
Rearrangement of propiophenone derivatives: To a solution of propiophenone derivative 8 (0.305 mmol) and the Ishihara amide 4 (267 mg, 0.365 mmol) in HC(OMe)3 (1.5 mL), TfOH (57 µL, 0.609 mmol) was added dropwise at the temperature mentioned in Table 3 . The resulting mixture was stirred at this temperature for 48 h, quenched with water (1 mL), extracted with CH2Cl2 (3 x 2 mL), dried over a Telos ® phase separator and the solvent was removed under reduced pressure. After column chromatography (0 to 10% Et2O in hexane), the corresponding product 9 was obtained. 
